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In this paper a laboratory investigation is made on magnetic reconnection in high-temperature 
Tokamak Fusion Test Reactor (TFTR) plasmas [Plasma Physics and Controlled Nuclear Fusion 
Research 2986 (International Atomic Energy Agency, Vienna, 1987), Vol. 1, p. 511. The motional 
Stark effect (MSE) diagnostic is employed to measure the pitch angle profile of magnetic field lines, 
and hence the q profile. An analytical expression that relates pitch angle to q profile is presented for 
a toroidal plasma with circular cross section. During the crash phase of sawtooth oscillations in 
plasma discharges, the ECE (electron cyclotron emission) diagnostic measures a fast flattening of 
the two-dimensional (2-D) electron temperature profile in a poloidal plane, an observation consistent 
with the Kadomtsev reconnection theory. On the other hand, the MSE measurements indicate that 
central q values do not relax to unity after the crash, but increase only by 5%-15%, typically from 
0.7 to 0.8. The latter result is in contradiction with the 2-D models of Kadomtsev and/or Wesson. In 
the present study this puzzle is addressed by a simultaneous analysis of electron temperature and q 
profile evolutions. Based on a heuristic model for magnetic reconnection during the sawtooth crash, 
the small change of q, i.e., partial reconnection, is attributed to the precipitous drop of pressure 
gradients that drive the instability and the reconnection process, as well as flux conserving plasma 
dynamics. 

I. INTRODUCTION 

Magnetic reconnection involves the breaking and topo- 
logical rearrangement of magnetic field lines, and is an im- 
portant relaxation process in plasma physics.1-6 Sawtooth 
oscillations7 in high-temperature fusion plasmas are a mani- 
festation of magnetic reconnection, and play an important 
role in determining confinement characteristics.a-‘” Mag- 
netic reconnection is also a key process in the description of 
evolution mechanisms for solar flares,* the Earth’s mag- 
netosphere,’ and some low-temperature laboratory 
experiments.4-6 

A sawtooth oscillation is characterized by a periodic col- 
lapse or crash of the central plasma pressure.7-10 Although 
there are several theoretical models for the sawtooth, Ka- 
domtsev’s model,” developed 20 years ago, has attained the 
widest acceptance. According to this model, an m = n = 1 
resistive internal mode is unstable for qo<l (m and n are the 
poloidal and toroidal mode numbers and q. is the safety 
factora at the magnetic axis), and grows until a full magnetic 
reconnection process flattens the pressure and current pro- 
files, causing the central q to increase to unity. 

Evolution of the central q values have been measured by 
a number of groups for the past several years.“-16 There is 
agreement among all experiments that the relative change of 
the central q during a sawtooth crash is small (Aq/q<O.l). 
However, there is a major difference among reported final 
values of the central q after the crash. Most recently, Wrob- 
lewski and Snider’” reported that central q values on 
DIII-D17 rise to unity, claiming that their observation was 
evidence of Kadomtsev reconnection. 

‘“‘Also at Fusion Physics and Technology, Torrance, California 90503. 
h’Also at the University of Tsukuba, Japan. 

The primary subject of the present paper is an experi- 
mental study of magnetic reconnection in high-temperature 
TFTR (Tokamak Fusion Test Reactor)17 plasmas (where the 
magnetic Reynolds number exceeds 107) by a set of nonper- 
turbative diagnostics. During the crash phase of sawtooth 
oscillations, ECE (electron cyclotron emission) and soft-x- 
ray diagnostic systems’8-“0 observe that the temperature gra- 
dient inside the inversion radius diminishes to nearly zero 
after the crash. This observation is consistent with predic- 
tions of the Kadomtsev’ model. However, q(R) profiles 
measured by motional Stark effect (MSE) diagnostics” indi- 
cate that central q values increase typically from 0.7 to 0.8 
during the sawtooth crash phase and do not relax to unity, 
even while the pressure gradient diminishes inside the q= 1 
region. This latter observation is an important contradiction 
with the theories of Kadomtsev’ and Wesson.” 

We address this puzzle by a simultaneous analysis of 
electron temperature and q profile evolution during sawtooth 
oscillations. Small changes of q(R) are documented. Based 
on a heuristic model for magnetic reconnection during the 
sawtooth crash, the small change of q (implying limited re- 
connection) is attributed to the combined effects of flux con- 
serving plasma dynamics and to the precipitous drop of the 
pressure gradients that drive the instability and reconnection 
process. 

II. ELECTRON TEMPERATURE EVOLUTION IN 
SAWTOOTH CRASH 

The electron temperature profile on the midplane of the 
plasma is measured with a 20 channel grating poly- 
chrometer21’18*19 and with a 2 ,us time step covering R=2.1- 
3.4 m, with a spatial channel separation of 6 cm. A two- 
dimensional (2-D) electron temperature profile on a poloidal 
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FIG. 1. The ‘I’,(r,@ profiles in three dimensions during the crash period of a sawtooth. Heat transfer AT, is superposed with coded color contours. The time 
interval between each figure is - 120 /*s. 

plane can be obtained by making use of the fast toroidal 
rotation of the plasma. The image reconstruction techniques 
using rotation have been described in a previous publication, 
together with an analysis of the reconstruction errors.‘8-20 
The present work extends this 2-D imaging technique to elu- 
cidate electron heat flow during sawtooth oscillation. 

Profiles of electron temperature in a poloidal plane, 
T,( Y, 0)) are conveniently represented as three-dimensional 
(3-D) plots, with the vertical axis denoting electron tempera- 
ture. Changes in temperature profile during a sawtooth cycle 
can be represented by the differences AT,(r, 0,t) 
= T,(r, e,t) - Tp(r, 6), where Ty(r, 0) is a base profile 
equal to the lowest value of Tr(r,O,t), obtained at location 
r,8 at any time during a given sawtooth cycle. Overlaying 
color contours of AT, on the 3-D Tc(r, 0) profiles allows 
one to visualize’” the inventory of electron thermal energy 
during a sawtooth period. 

Figure 1 shows the electron temperature profile evolu- 
tion during a typical sawtooth crash, with overlayed color 
contours of AT, depicting the transfer of electron thermal 
energy. The time interval between each of the four frames in 
the figure is -120 ps, approximately equal to the plasma’s 
toroidal rotation period at the time of the sawtooth crash. 
Figure l(a) shows an essentially axisymmetric pattern for 
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T,, giving no indication of the dramatic profile evolution 
that takes place between Figs. l(b) and l(c) during the saw- 
tooth crash. Just before the collapse of the peak temperature, 
when the pressure reaches a threshold value, the temperature 
peak shifts radially within the inversion radius r(q= 1) and 
shrinks in size. Also within the inversion radius is seen a 
growing crescent-shaped flat temperature region22723 corre- 
sponding to the development of a helical m/n =1/l kink 
mode. The T, profile inside the inversion radius is nearly flat 
after the crash [see Fig. l(d)]. The electron density is ob- 
served to flatten on a similar (-200 ,US) time scale. CHERS 
(Charge Exchange Recombination Spectroscopy) diagnostics 
also observe a flattening of the ion temperature after the 
crash, although the time resolution of this diagnostic is as 
long as 50 ms. The entire crash phase takes 150-800 ps, 
while a sawtooth period is 100-200 ms. The spatial (<6 cm) 
and time (- 10~s) resolutions of this representation were dis- 
cussed with a description of the image reconstruction tech- 
niques in previous publications.18-2” 

To describe the electron heat flow pattern semiquantita- 
tively, we approximate a time derivative of the electron tem- 
perature profile on a poloidal plane as 

ST,(~,B,t)/Sf=CT,(r,B,tf7)-T,(r,e,t)]/~, (1) 

Yamada et al. 
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FIG. 2. Heat flow (in color) superimposed on T,(r, 0) contours (solid lines) for times corresponding to FIG. 3. Heat flow contours (in color) superposed on T,(r, 0) contours (solid lines) for (a) t=216 /.L% (b) 314 
Figs. l(a)-l(d). Blue represents a heat loss of about 1X 10’ keV/s and red a gain of 1X lo4 keV/s. The w, (c) 368 ,u, and (d) 422 p. Blue represents a heat loss of about 1X104 keV/s and red a gain of 1X104 
rotation period is 120 /.L.s. The dashed line represents the inversion radius, which is close to the q=l keV/s. The rotation period is 54 w. The dashed lines depict the inversion radius, which is close to the q=l 
surface. radius measured by MSE. 
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where r is the plasma’s toroidal rotation period, typically 50 
p and usually much shorter than the crash phase period. 
Figure 2 shows a typical heat flow pattern by overlaying a 
graded color representation for ST,(r, B,t)/St on TL’(r, 0) 
contour lines for a sawtoothing discharge. The rotation pe- 
riod in this case is 120 ps. Blue shading represents a heat 
loss of approximately 1 X lo4 keV/s, and red a heat gain of 
1X lo4 keV/s. Frames (a)-(d) of Fig. 2 refer to the same 
times as the corresponding frames in Fig. 1. During the pe- 
riod of development of the crescent-shaped flat temperature 
region, heat flow is essentially confined within the q= 1 ra- 
dius. Figure 2(b) shows heat flow around the circular high- 
temperature peak toward the intersection of the hot region 
with the q = 1 surface (X region). Figures 2(c) and 2(d) show 
transfer of heat through the X region to the outside of the 
q= 1 radius. Later, we present a heuristic model in which 
partial magnetic reconnection causes anomolously fast heat 
flow through the X region. 

A more accurate presentation with a better time resolu- 
tion of heat flow is shown in Fig. 3. Here, color contours of 
ST,(r, B,t)/&, together with T,( r, 0) contours (solid lines), 
are shown for a discharge with a shorter rotation period of 
r=54 ,US. The four frames that make up Fig. 3 correspond to 
the time values (a)r=206 ,us, (b)t=314 ,US, (c)t=368 ,us, 
and (d)t =422 ,us. Here, I =0 refers to the time at which an 
in/n = l/l precursor oscillation was first detected. Again, blue 
shading represents a heat loss of approximately 1X104 
keV/s, and red a heat gain of 1 X lo4 keVfs. During the period 
of development of the l/i mode, heat flow is essentially 
confined within the q=l radius. Figures 3(a) and 3(b) show 
heat flow around the base of the circular high-temperature 
peak toward the intersection of the hot region with the q = 1 
surface (X region). Figures 3(c) and 3(d) show transfer of 
heat through the X region to r > r( q = 1 ), then away from the 
X region. Fast 1-D radial electron heat transport outside the 
q= I radius has been studied during and after the crash as a 
propagating heat pulse by Fredrickson et a1.24 

Ill. MEASUREMENT OF q PROFILE BY MOTIONAL 
STARK EFFECT 

We employ the motional Stark effect diagnostic to obtain 
the profile of magnetic pitch angle, and hence the q profile, 
using polarimetry measurements of the Doppler shifted D, 
emission from a neutral deuterium-beam (NBI) heating 
line. 25*2h*2’ As a neutral beam penetrates through a plasma, 
collisions with background plasma ions and electrons excite 
beam atoms, leading to D, emission. By measuring the po- 
larization of the “cr component” of the beam fluorescence, 
the pitch angle of the magnetic field lines can be determined 
wherever the beam penetrates the plasma. An important ad- 
vantage of this technique is that the noninvasive and nonper- 
turbative measurement of the field-line pitch is localized to 
the geometric intersection of the field of view with the neu- 
tral beam lines, which leads to good spatial resolution of 
&=3-5 cm. The time resolution is as short as 5 ms, but 
typically 10 ms. 

If the plasma is considered to have good flux surfaces, 
the measured field-line pitch can be translated into a radial 
profile of the safety factor, q(R), based on tokamak equilib- 

rium calculations. ECE and interferometer diagnostic mea- 
surements show that T, and n, profiles are axisymmetric 
throughout the sawtooth period, except during the crash 
phase, suggesting that magnetic flux surfaces are also axi- 
symmetric. In the next section we describe how the q(R) 
profile may be derived from the measured pitch angle data. 

IV. THE q-PROFILE DETERMINATION FROM PITCH 
ANGLE DATA 

The relationship of magnetic field pitch angle to the 
q(R) profile depends on the configuration (aspect ratio, a/R, 
elongation, triangularity) and on plasma parameters such as 
poloidal beta and internal plasma inductance.27 For TFTR 
plasmas at modest beta, it is a good approximation to assume 
that magnetic flux surfaces form a nested set of shifted 
circles on a poloidal plane, i.e., 

X=R-A(r)-r cos 6, (2) 

Z=r sin 19. (3) 

Here R is the magnetic axis location, A(r) is the Shafranov 
shift (the distance between the magnetic axis and the center 
of flux surfaces), and r is the minor radius of a flux surface. 

Consider the conventional definition of magnetic field 
for an axisymmetric toroidal system: 

B=B,~Ro[vrfXvXcr)+g(r)V~l, (4) 
where x is the poloidal flux within a flux surface labeled by 
coordinate r and g is the toroidal flux function. The shifted 
circle approximation allows a straightforward derivation of a 
closed-form expression for the safety factor q(r). From the 
definition 

1 
q=G (5) 

we eliminate x’/g in favor of the midplane magnetic pitch 
angle, y, using 

tan yk=BB,,IB,(X,) 03 

(7) 

Here a prime denotes a derivative with respect to r, the pitch 
angie is regarded as a function of the midplane radius X, and 
+I- refers to outboard/inboard with respect to the magnetic 
axis. The required 0 integration yields 

r 
q(r)= 2 

R tan y,(lrirA’) 

-A) ;j /d-l, (8) 
where 

tan y+(l-A’)=-tan y-(l+A’) (9) 
is a constraint that follows from Eq. (7) and the fact that x’ 
and g are constant on a given flux surface. 

MSE data provides pitch angle information for a range 
of midplane X values. Within the range, the pitch angle data 
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may be fit to a continuous function: tan y,=T+cjT(X). If 
the range spans the magnetic axis, the axis location X=R is 
determined from the zero of Z’(X). Consider now two possi- 
bilities. 

(Pl) The range of X for which pitch angle data is ob- 
tained spans a region roughly centered on the magnetic axis. 
In this case we can rewrite Eq. (9) as 

(10) 

showing that A’(r), and hence q(r), can be calculated from 
the knowledge of pitch angle data on both sides of the mag- 
netic axis. We note that Eq. (10) is nonlinear in A, since the 
arguments of T, are X, = r? A(r). An effective solution 
procedure is to expand A(r) in a linear combination of radial 
basis functions and to solve Eq. (10) by a combination of 
iteration and least squares fitting. 

Now consider the second possibility, which is relevant 
for the MSE setup on TFTR. 

(P2) Pitch angle data is obtained in a range of X values, 
which includes the magnetic axis, but which lies predomi- 
nantly between the magnetic axis and the outboard plasma 
edge. Again R is determined by the zero of T(X), however, 
Eq. (9) can no longer be used to determined A’, since the 
right side of the equation is unknown for most of the win- 
dow. The equation relating the data to the Shafranov shift is 
now Eq. (7), i.e., 

X’ 
tan r+=g(l+h’)’ (11) 

which is a single equation in (effectively) two unknowns: A’ 
and the ratio Xl/g. An additional assumption is needed to 
determine the plasma geometry, and hence q(r), from the 
pitch angle data. 

To proceed, we assume that A’ is determined by an in- 
verse aspect ratio expansion of the plasma equilibrium equa- 
tions. To leading order in the aspect ratio and assuming the 
standard low beta tokamak ordering,27 we have g = 1 and A’ 
related to X’ through 

(12) 

where 

ib(‘+)= - --& j-’ %$ dr, (14) 

ii 
2 (I’) = & 

I 
r,yr2r dr, (15) 

are poloidal beta and internal inductance profile functions. 
For the simplest approximation, assume a constant current 
density and a parabolic pressure profile in the plasma. Then 
X’ and p’ are linear in r and 

(16) 
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FIG. 4. The q(R) profiles derived from MSE before and after a sawtooth 
crash. The magnetic axis is 27653 cm, both from ECE diagnostics and 
TRANSP analysis. The inversion radius of the ECE is about 301 cm, which 
agrees with the q = 1 radius from MSE, within the spatial resolution of the 
diagnostics. 

where & and li are constant. Equation (S), in this approxi- 
mation, becomes 

r q(r)= T 
R tan yl? 

[ 1 +$+Px)]. 

For more general profiles, e.g., J(r) = Ju( 1 - r’/a2)“J and 
p(r) = pO( 1 - r2/a2)af we can write 

A(r)=f(r;~Yp,cuJ)(Pe+li/2). (18) 

Equation (17) has been shown to be accurate to within 5% 
for p&IRmag<0.5 using the PESTLE equilibrium code, and we 
use Eq. (8) and Eq. (16) for the present analysis. The com- 
bination Pe+1,/2 is determined by magnetic measurements. 

V. MEASUREMENT OF q PROFILES 

The q profiles before and after the sawtooth crash have 
been examined for typical neutral beam heated (P,=8-11 
MW) TFTR plasmas with a toroidal current of 1.8 MA. Fig- 
ure 4 presents typical q(R) profiles before and after a saw- 
tooth crash. The statistical error in calculated q values is 
estimated to be less than 2.5%, although the systematic error 
is evaluated to be about 5% for q(R) data, based on a com- 
parative analysis with the ECE inversion radii and by mov- 
ing the magnetic axis radially for cross-calibration.*’ About 
two dozen similar discharges have been investigated, and the 
central q values typically change between 0.70 and 0.80 dur- 
ing a sawtooth, with a relative error of 2%. The central q 
values typically increase by 10% during the crash. This ob- 
servation is in agreement with earlier results from 
Soltwisch” and West et al.‘* 

Figure 5(a) presents time evolution of central q values 
from MSE and the central electron temperature from the 
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FIG. 5. (a) Time evolution of central safety factor qO for a typical NBI 
heated L mode plasma, together with the ECE based T, signal. (b) Synchro- 
nously coaveraged data for one sawtooth period from nine consecutive saw- 
teeth. The averaging time period is 5 ms  for each point. The crash occurs at 
t=o. 

ECE signals in a typical sawtooth discharge. Correlated with 
the sawtooth collapse is a small rise of -0.08 for qo. In this 
example, as well as most TFTR discharges, q. is below unity 
when sawteeth are present, and remains below unity through- 
out the sawtooth cycle. In order to reduce the statistical un- 
certainty and improve the time resolution, which is 30 ms for 
the data shown here, we can synchronously or coaverage the 
data over several sawteeth, as shown in Fig. 5(b). Because 
only field-line breaking and rearrangement can make a q(R) 
change on such a short time scale (@magnetic diffusion 
time), the observations verify a magnetic field-line reconnec- 
tion, albeit small. 

VI. PROPOSED PHYSICAL MODEL FOR SAWTOOTH 
CRASH 

The observations raise the question as to why the mag- 
netic field lines inside the q = 1 region do not form a flat q - 1 
inner region after the crash, as suggested by Kadomtsev,’ 
while the temperature gradient diminishes to zero, as pre- 
dicted by him for full reconnection. The clues to answering 
this question lie in the heat flow pattern shown in Fig. 2 and 
Fig. 3 during the crash phase. 

The plasma may be viewed as concentric toroidal re- 
gions separated by the q = 1 surface. Plasma heating leads to 
an increase in pressure gradient, p ‘, and a decrease in qo. 
When p’ exceeds a critical value depending on the local 

shear, an mln =1/l ideal kink mode is triggered in the inner 
(core) region.= Flux surfaces are displaced rapidly outward 
on an Alfven time scale [cf. the T, profile in Fig. l(b) and T, 
contours in Figs. 2(b), 3(a), and 3(b)]. The plasma region 
outside of q= 1 plays the role of a stabilizing conducting 
shell that suppresses the flux displacements by inducing im- 
age currents near the interface of the core and shell. A current 
sheet and X point are formed. Unlike the flux, the pressure is 
not so constrained by the outer region during the kink evo- 
lution. In the last stage of development of the kink mode, the 
pressure and flux contours inside q = 1 do not coincide. The 
mismatch during this period is an important distinction from 
Kadomtsev’s model, which always assumes the pressure and 
flux surfaces coincide. We speculate that the observed en- 
hanced perpendicular heat conduction is caused by a connec- 
tion of different pressure contours by field lines of the mis- 
matched flux surfaces. The local pressure gradient is 
strongest at the X point [cf. Figs. 2(b) and 3(b), showing the 
steepest temperature gradient in the X-point region inside 
q = I]. The physi cs of finite resistivity in the current sheet 
now enters the problem, and reconnection takes place ac- 
cording to the standard reconnection theories.23 A fast mag- 
netic reconnection is induced at the X point and a partial 
reconnection of magnetic field lines occurs, connecting the 
crescent-shaped inner region [see Figs. l(b) and I(c)] to the 
region outside of the inversion radius.2z,” A rapid efflux of 
thermal energy occurs through the X-point region due to 
large parallel transport along newly connected field lines [cf. 
Figs. 2(c), 2(d), 3(c), and 3(d)]. Parallel plasma transport is 
so fast that the pressure equalization occurs in a time much 
shorter than the theoretical magnetic reconnection time.2Y9 
The time scale for this fast electron heat conduction process 
to equalize T, on a poloidal contour is estimated to be the 
electron heat conduction time along field lines, n%/u, times 
q,fAq, where Aq denotes the width of q values in the recon- 
nection region. This value, rR/v,qlAq is about lo-20 p 
for q/Aq- 10 in the present plasma. The precipitous drop of 
the pressure gradient removes the free energy to drive the 
m/n = l/l instability, inhibiting further progress of the mode, 
and thus full reconnection. 

The drop in pressure gradient should induce a decrease 
in the central current density (increase in qo) because of 
force balance. Such a change would lead to a decrease in the 
internal plasma inductance, Ii. However, in a highly con- 
ducting plasma, flux conservation will inhibit a radical 
change of li and prevent complete flattening of the current 
and q profile inside q = 1. Consequently, the amount of the 
q(R) change can be small, and q. does not have to rise to 
unity for VP-O. [Note that there are multiple solutions for 
j(R) that satisfy jXB=O for qC1, if j.B/B2 is not constant’ 
with respect to R.] 

VII. DISCUSSION AND CONCLUSIONS 

A TRANSP analysis of the sawtoothing discharges pro- 
vides a useful check on the amount of partial reconnection. 
TRANsP29 uses measured plasma profiles and the measured 
plasma boundary. Typically, measured proftles of the electron 
temperature [from ECE, Fig. 6(b)] and the temperature and 
toroidaf rotation velocity of the trace carbon impurity (from 
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FIG. 6. Time evolution of measured central plasma parameters: (a) n,(O) from a microwave interferometer; (b) T,(O) from ECE; (c) q(O) from MSE; and (d) 
q(0) from the TRANSP calculation. A partial reconnection model with a current mixing rate of 20%-30% agrees well with the measurement. 

neutral-beam-induced charge-exchange recombination spec- 
troscopy) are used as initial inputs. Profiles for the hydro- 
genie ion temperature T, are computed from the impurity ion 
temperature. Monte Carlo techniques are used to compute 
the time evolution of the beam ions. The beam ions are as- 
sumed to slow down classically. The assumptions of classical 
slowing down and loss have been checked in the case of 
beam ions and DD fusion products. Approximately six sec- 
onds of the discharge evolution is modeled, starting about 
0.5 s after initiation and continuing through the neutral beam 
injection. For these experiments the neutral beam injection 
starts at 4 s and extends to 6 s. 

0.85 during the crashes. On the other hand, 0% current mix- 
ing (no reconnection) produces much lower q+(O) values 
than observed, without any sawteeth. As shown in Fig. 6(d), 
a simulation based on a partial mixing of field lines (20%- 
30%) leads to the best agreement with the experimental ob- 
servations. 

Figure 6 presents a set of plasma parameter evolutions 
(nc,,T,) associated with sawtooth oscillations on which the 
TRANSP modeling are made, together with measured qa (by 
MSE), and q&O) evolution deduced from the TRANSP calcu- 
lation. The TRANSP plasma analysis code employs a phenom- 
enological sawtooth mode1 based on helical flux mixing,’ 
which is invoked at the time of the observed sawtooth crash 
if qdO)<l. The field lines are assumed to either not be 
mixed or to be only partly mixed by controlling the current 
density profile during the sawtooth crash, and the results are 
compared with those from a case of the 100% field-line mix- 
ing in the standard Kadomtsev model.’ The TRANSP calcula- 
tion can check whether the observed plasma profile evolu- 
tions are consistent with these current mixing models. Full 
field-line mixing predicts a q@(O) evolution between 0.9 and 
1.0 and never reproduces the observed q. evolution to 0.70- 

Evolution of central q values has been measured by sev- 
eral groups in the past few years.1’*‘2p16 There is agreement 
among all experiments that the relative change of central q 
during a sawtooth crash is small (Aq/qcO.l). However, 
there is a major difference among the experiments on the 
final values of the central q after the crash. Wroblewski and 
Snider16 recently reported that the central q values rise to 1, 
concluding that the observation was evidence of the Kadom- 
tsev reconnection. Although the cause of this apparent dis- 
agreement with the present study is yet to be determined, it 
could be attributed to (1) difficulties in q(R) measurements 
and their analysis, as noted by Wroblewski and Snyder;16 
and/or (2) DIR-D generates noncircular plasmas,16 with dif- 
ferent MHD properties from circular TFTR plasmas. We also 
note that most of the results that reported Aq<O.l during 
sawtooth crash can be explained by our proposed model. 

In summary, magnetic reconnection consistent with par- 
tial mixing of field lines during a sawtooth crash, and small 
changes of central q have been documented. The motional 
Stark effect (MSE) diagnostic has been employed to measure 
the pitch angle profile of magnetic field lines, and hence the 
q profile. An analytical relationship between the pitch angle 
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of field lines and q profile has been developed for a toroidal 
plasma with circular cross section. It has been shown that 
central q values stay substantially below 1, despite T, con- 
tour evolution from ECE diagnostics, which show full 
Kadomtsev-like 2-D reconnection patterns. A simultaneous 
analysis of poloidal Tr(rr 8) and q(R) profile evolutions has 
led us to propose a heuristic model consistent in most of its 
features with that of Baty et al.23 which was based on a 
nonlinear 3-D MHD numerical simulation. In our model, an 
m/n = l/l ideal kink mode develops inside the q = 1 radius 
and induces a partial rearrangement of field lines, i.e., partial 
reconnection, through the X-point region, where a circular 
hot spot touches the y= 1 surface. A fast parallel transport 
along newly connected field lines can cause a rapid efflux of 
internal energy through the X-point region, and therefore a 
fast crash of the central plasma pressure. The small change 
of q values associated with partial reconnection of field lines 
is attributed to the precipitous drop of pressure gradients that 
drive the instability and the reconnection process, as well as 
a flux conservation principle. 
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